Rhizobia exist as free-living soil bacteria or in symbiosis with leguminous plants within cells of a specialized organ called a root nodule (reviewed in references 12 and 23). The symbiotically differentiated bacteria (bacteroids) fix atmospheric nitrogen to ammonia with a large expenditure of ATP. As with all aerobic organisms, rhizobia use heme proteins for oxidative phosphorylation and other oxygen-dependent cellular processes. Alterations in heme protein expression by both plant and bacterial symbionts occur during nodule ontogeny to permit efficient respiration in the microaerobic milieu of the plant organ (reviewed in references 1, 17, and 24). Legume hemoglobin facilitates O 2 diffusion to the bacteroids and buffers O 2 at a low tension to prevent inactivation of the nitrogenase complex. The prokaryote synthesizes cytochromes specific to symbiosis and microaerobic metabolism, at least some of which are part of a cytochrome oxidase complex with a very high affinity for O 2 (17) . Recent evidence suggests that the induction and repression of specific cytochromes in response to O 2 limitation is under global control in Bradyrhizobium japonicum (6) and is coordinated with heme biosynthesis (6, 26) . We have focused on B. japonicum ␦-aminolevulinic acid (ALA) dehydratase (ALAD); the enzyme that catalyzes the second step in heme synthesis, because evidence suggests that it, rather than ALA synthase, is the first essential bacterial enzyme in the pathway for B. japonicum heme formation in nodules (4, 27) . ALA synthase is not necessary for symbiosis (16) or for heme synthesis in nodules (22, 27) , and we have provided evidence that an ALA synthase mutant is rescued by provision of ALA by the plant host (20, 22, 27) . ALADs are metal enzymes, and heme is an iron protoporphyrin; thus, we are interested in the role of metals in the function of B. japonicum ALAD and in the regulation of hemB, the gene which encodes it.
ALAD is a zinc enzyme in animals and in most bacteria but a magnesium-dependent enzyme in plants. Interestingly, B. japonicum ALAD is an Mg 2ϩ enzyme (4) and thus is similar to the plant enzymes in that regard. By altering four proximal amino acids, we changed B. japonicum ALAD from an Mg 2ϩ -dependent enzyme to a Zn 2ϩ -requiring one (5), thereby identifying residues involved in metal binding (see Fig. 1 ). Because amino acids conserved in plants were changed to those conserved in animals, the observations made for B. japonicum can be extrapolated to those organisms, thus allowing the tentative identification of residues involved in metal binding in the respective eukaryotes.
Iron availability to microorganisms is extremely limited in soils because the metal is oxidized and therefore almost completely insoluble at pH 7. The source of iron available to rhizobia within nodules has not been established, but iron is unlikely to be free in solution, as it is complexed with proteins in eukaryotes. In either situation, iron may be limiting to rhizobia and is therefore a potential regulator of heme formation. Protoporphyrin, the immediate heme precursor, catalyzes the formation of toxic reactive oxygen species in the presence of light, and thus porphyrin synthesis in an excess of available iron could be deleterious to cells. In mammalian cells, translation of erythroid ALA synthase mRNA is controlled by iron, thus possibly coordinating heme formation with cellular iron levels (7, 9) . Mammalian ferrochelatase contains an iron-sulfur cluster (8, 11 ) that may have a regulatory role by conferring sensitivity to nitric oxide (28) . No analogous mechanisms for iron control of heme biosynthesis have been described in bacterial systems, and little is known about the effects of iron on the heme pathway in prokaryotes. Herein, we show that iron regulates hemB expression in B. japonicum and define properties of ALAD that can be ascribed to its Mg 2ϩ requirement.
MATERIALS AND METHODS
Bacterial strains, media, and growth. B. japonicum I110 is the parent strain used in this study. B. japonicum MLG1 is a hemA mutant of I110 (16) . These strains were routinely maintained in GSY medium as described previously (14) . Escherichia coli strains were grown in LB medium (2) and supplemented with ampicillin at 200 and 50 g/ml on solid and liquid media, respectively, to maintain plasmids derived from pBluescript SK(ϩ). Plasmids used in the present study were maintained and propagated in E. coli DH5␣ or XL1-Blue. E. coli RP523 is a hemB mutant of strain C600 (21) and was grown in LB supplemented with hemin at 1 g/ml to satisfy the heme auxotrophy. The hemin was omitted when the strain harbored plasmids bearing B. japonicum hemB derivatives.
Analysis of B. japonicum ALAD and ALAD*. pZEN and pSTAR carry genes encoding wild-type ALAD and the Zn-dependent derivative ALAD*, respectively. Construction of these plasmids was described previously (5) . Expression of the plasmid-borne genes in E. coli hemB mutant RP523 and preparation of extracts for enzyme analysis were carried out as described previously (5) . For the pH profile, the assays were carried out in buffer containing 50 mM morpholineethanesulfonic acid (MES) and 50 mM bis-Tris propane at the specified pH. ALAD activity was measured spectrophotometrically at 37°C as porphobilinogen formation from ALA as described previously (4) . For temperature profile and heavy metal analyses, the reactions were carried out at pH 6.0 in MES buffer with 50 M ZnCl 2 for ALAD* and at pH 8.0 in Tris buffer with 100 M MgCl 2 for ALAD.
Isolation of B. japonicum RNA. Total RNA was prepared from cultured cells as follows. Cells grown to an optical density at 540 nm of 0.4 to 0.6 were harvested by centrifugation at 4°C, and cell pellets from 12.5 ml of the culture were resuspended in 600 l of lysis mixture containing 10 mM NaCl, 10 mM Tris (pH 8), 5% sodium dodecyl sulfate, and 200 g of proteinase K per ml and incubated at 37°C for 5 min. A 300-l volume of 5 M NaCl was added to the lysed cells, and the mixture was kept on ice for 10 min and then centrifuged at 13,000 ϫ g at 4°C. RNA in the supernatant was precipitated by addition of 3 volumes of ethanol at Ϫ70°C for 1 h, followed by centrifugation. The crude RNA pellet was resuspended in 1 mM EDTA and was acid phenol-chloroform extracted and then ethanol precipitated. This preparation was treated with DNase I in the presence of human placental RNase inhibitor to eliminate any contaminating DNA. The DNase I treatment was necessary to avoid false-positive signals in the RNase protection analysis resulting from RNA-DNA hybrids.
Analysis of steady-state levels of hemB and hemH mRNAs. RNA levels of specific genes were determined by a quantitative RNase protection assay. pRPhemB1, containing a portion of the hemB gene, was derived by deletion of a 0.7-kb SphI-KpnI fragment from pZEN (4). pRPhemH2 contains a portion of the hemH gene and was constructed by deletion of a 0.3-kb SphI-PstI fragment of pKShemH18 (13) . Each plasmid was linearized with StuI and used for in vitro transcription from the vector-borne T7 promoter of non-template strand DNA for synthesis of antisense riboprobes of 489 and 188 bases for the hemB and hemH genes, respectively. The transcription reaction was carried out by using a MAXIscript in vitro transcription kit (Ambion Inc.) in accordance with the manufacturer's instructions. The riboprobes were purified by electrophoresis on a 5% denaturing polyacrylamide gel, followed by elution of excised fragments containing the RNA for 1 to 3 h at 37°C. RNase protection analysis to quantify hemB and hemH mRNAs was performed by using the Hybspeed RPA kit (Ambion Inc.) in accordance with manufacturer's instructions. A total of 1 to 4 g of total RNA was used for each reaction. The protected regions of the hemB and hemH fragments were 478 and 92 bp, respectively, and were analyzed by polyacrylamide gel electrophoresis as described previously (2) . The bands on autoradiograms were quantified by using a Bio-Rad GS-700 imaging densitometer in the transmittance mode and the Molecular Analyst software package, version 1.4.1. Several exposures of a single blot were analyzed to be certain that the data were examined within the linear range of the densitometer.
Effects of iron and heme on hemB expression. Cells were grown to the mid-log phase in modified GSY medium containing 0.5, rather than 1 g of yeast extract per liter and supplemented with 0 to 8 M FeCl 3 . Medium with no added iron contained 0.3 M total Fe as determined with a Perkin Elmer 1100B atomic absorption spectrometer. Cells were harvested and analyzed for hemB or hemH mRNAs by the RNase protection assay described above. ALAD protein was detected in cell extracts by Western blot analysis using anti-ALAD antibodies as described previously (5) . To measure the iron-dependent kinetics of hemB mRNA induction, cells were grown in the absence of exogenous iron and then 6 M FeCl 3 was added at time zero. Cells were harvested at subsequent times and analyzed for mRNA and protein as described above. To assess the effects of heme on hemB expression, ALAD protein and enzyme activity were measured in cells of strains I110 and MLG1 grown in GSY medium supplemented with 0 or 15 M hemin.
hemB mRNA turnover assay. Cultures were grown to the mid-log phase in medium supplemented with 6 M FeCl 3 , harvested, divided into two cultures, and resuspended in medium containing either 0 or 6 M FeCl 3 . After 30 min, 200 g of rifampin per ml was added to prevent de novo mRNA synthesis. RNA was isolated from cells harvested at various times after rifampin addition, and the hemB message was analyzed by the RNase protection assay described above.
RESULTS
Magnesium affects catalytic and structural properties of B. japonicum ALAD. ALAD proteins from diverse organisms require either zinc or magnesium for activity, but the role of the latter metal has not been described. By site-directed mutagenesis, we changed four amino acids of the Mg-dependent enzyme of B. japonicum and changed it to a Zn 2ϩ -requiring dehydratase (5; Fig. 1 ) Because these proteins are otherwise identical, differences between them can be ascribed to their respective metals and the altered residues. Wild-type ALAD had a high pH optimum for activity of at least 9.5 ( Fig. 2) , whereas the modified enzyme, designated ALAD*, showed a sharp pH optimum of 6. The pH profile of an enzyme's activity is generally dependent upon the protonation status of residues important for catalysis; thus, the pH shift of 3.5 units in ALAD* compared with the wild-type protein is strongly indicative of a change in the amino acids involved in substrate binding or catalysis. ALAD is a primary target of lead toxicity in humans and other mammals, and that toxicity is caused by substitution of lead for the catalytic zinc (18) . Replacement of the structural zinc with lead, however, does not inhibit activity (10) . We found that wild-type ALAD was not inhibited by lead or other heavy metals (Fig. 3) . However, ALAD* activity was inhibited by lead (Fig. 3) , suggesting that Zn plays a catalytic role in the engineered enzyme, as it does in the naturally occurring dehydratase from mammals. Other metals were tested, and cadmium was found to inhibit ALAD* as well, as observed for the human enzyme (15) . Thus, susceptibility of ALAD is dependent upon the metal in the enzyme, and magnesium confers insensitivity to lead and cadmium.
We measured ALAD activity as a function of assay temperature in ALAD and ALAD* and found that the engineered enzyme had a drastically different temperature optimum than the wild type. ALAD activity was thermolabile, had a temperature optimum of 37°C, and declined sharply at higher temperatures (Fig. 4) . By contrast, ALAD* activity was significantly more thermostable, had an optimum of 50°C, and retained a high level even at 55°C (Fig. 4) . Thus, the amino acid substitutions conferring Zn 2ϩ dependence had a stabilizing affect on ALAD* that is not found in the wild-type enzyme. Collectively, the data show that ALAD and ALAD* differ greatly in properties associated with catalysis and structure.
Iron-dependent expression of ALAD. Iron is part of the heme moiety; thus, it is germane to ask whether iron affects ALAD. Although iron had no effect on the preformed enzyme in vitro (Fig. 4) , we addressed the question of whether the metal controls its synthesis. B. japonicum cells were grown in medium supplemented with FeCl 3 to final concentrations ranging from 0 to 8 M iron. The iron concentration of the medium without added FeCl 3 was 0.3 M as determined by atomic absorption spectroscopy. The results show that iron had a strong positive effect on ALAD activity, with an over 80-fold higher level found in cells grown in 6 M added iron than in those grown in the absence of the exogenous metal (Fig. 5B) . To determine whether the effects of iron were due primarily to enzyme synthesis or to action on the extant protein, a Western blot analysis was carried out by using antibodies raised to B. japonicum ALAD (Fig. 5A) . Cellular protein levels were clearly dependent upon the iron concentration in which the cells were grown, and immunologically reactive material correlated well with enzyme activity. Thus, ALAD synthesis is regulated by iron. In principle, this regulation could occur at the RNA or protein level; thus, message levels of hemB, the gene encoding ALAD, were measured by an RNase protection assay (Fig. 6 ). These data show that hemB mRNA was expressed strongly in cells grown in iron-replete medium but very weakly in those grown in low-iron medium. Unlike those of hemB mRNA, levels of hemH mRNA, which encodes the heme synthesis enzyme ferrochelatase, were expressed independently of iron (Fig. 6) , showing that iron-dependent control of hemB is not a general phenomenon of heme synthesis genes. Moreover, cells grown in low-iron medium expressed hemH (Fig. 6 ) and grew well (data not shown), indicating that the low hemB expression in those cells was not an indirect consequence of nutritional iron deficiency. We conclude that B. japonicum hemB expression is regulated by iron at the level of mRNA accumulation. To monitor the kinetics of hemB mRNA induction, B. japonicum cells were grown in iron-depleted medium to the mid-log phase and then 6 M FeCl 3 was added. Cells were harvested at subsequent times, and hemB mRNA levels were determined by RNase protection analysis. Strong message induction was observed by 15 min after iron addition and was maintained for at least 8 h (Fig. 7A) . No induction was observed in control cells in which buffer without the metal was added. The rapid response indicates that the regulatory component(s) that perceives iron and activates hemB is not synthesized de novo upon addition of the metal but is likely present in iron-limited cells and activated in some way. hemB mRNA turnover was determined by measuring message levels at various times after the addition of rifampin, an RNA synthesis inhibitor (Fig. 7B) . No hemB mRNA was detected in cells by 15 min after rifampin addition, regardless of whether the cells were incubated with 6 M FeCl 3 minutes prior to addition of the inhibitor. The decay was too rapid for half-life measurement; thus, we could not determine whether iron affected the rate of decay. However, if induction of hemB mRNA by 15 min after iron addition (Fig. 7A) were due primarily to increased stability, a substantial amount of message should have remained in the iron-replete cells 15 min after rifampin treatment.
Iron control of hemB is not an indirect result of the cellular heme level. Because ALAD is part of the heme pathway and heme is an iron porphyrin, it is plausible that the iron-dependent control of hemB described herein is actually an indirect consequence of cellular heme status. Thus, we examined ALAD protein and enzyme activity in the heme-defective strain MLG1. Strain MLG1 is mutated in the hemA gene (10), and we showed previously that this strain contains an undetectable quantity of heme when grown in yeast extract medium (14) . Furthermore, addition of exogenous hemin (heme hydrochloride) to the growth medium restores the cellular heme level of the mutant to approximately 20% of the wild-type level (13) . We found that the protein levels and activities in parent strain I110 and mutant strain MLG1 were similar and that addition of exogenous hemin to the growth medium did not substantially affect those levels in either strain (Fig. 8) . From this, we conclude that iron control of hemB expression is not an indirect effect of cellular heme status.
DISCUSSION
In the present work, we describe roles of metals for B. japonicum ALAD in two contexts: conferral of properties on the enzyme and expression of the gene that encodes it. A four-amino-acid change that converts B. japonicum ALAD from an Mg 2ϩ -dependent enzyme to a Zn 2ϩ -requiring one also changed properties associated with both catalysis and structure. The normal ALAD from B. japonicum showed a high pH optimum, insensitivity to heavy metals, and thermolability, whereas the zinc derivative was drastically different in those parameters. There is some indication that the conclusions for the Mg 2ϩ -and Zn 2ϩ -dependent enzymes studied herein can be extrapolated to plant and animal ALADs, respectively. Firstly, the substitutions made to construct ALAD* were based on comparisons of the plant and animal sequences. Secondly, plant ALADs have been reported to have a higher pH optimum than those of animals (19) ; thus, the metal and its coordination residues of the protein may contribute directly to those differences, as they do for B. japonicum ALAD and ALAD*. Thirdly, prior studies have implicated both structural and catalytic roles for zinc in mammalian ALAD (10) but no direct evidence for the participating amino acids has been provided. It was further postulated that the domains may overlap in a mutually exclusive way, resulting in an octamer in which each subunit contains only one type of zinc (10) . Comparisons of B. japonicum ALAD and ALAD* suggest that a single region of the enzyme conserved in the mammalian dehydratase is involved in catalysis and structure; thus, that region may have a similar function in the naturally occurring zinc enzyme.
We found that iron controls ALAD at the synthesis level; expression was very low in cells from iron-limited cultures and increased as a function of the iron concentration. Iron must be acquired exogenously and may be limiting; thus, regulation of heme biosynthesis by iron is physiologically relevant. Protoporphyrin is toxic; thus, it would be deleterious to synthesize it unless there were a sufficient quantity of iron to be chelated by the porphyrin to form heme. Therefore, the positive correlation between iron and ALAD expression may prevent porphyrin accumulation in cells under iron deprivation. The induction of hemB mRNA occurred within 15 min after iron addition, suggesting that the factor(s) needed to activate hemB is present in iron-limited cells. The transcriptional regulator Fur, which is found in many gram-negative bacteria (3), is synthesized constitutively but is activated upon binding to iron, which allows a fast response to the metal. The B. japonicum hemA gene promoter contains an element with weak homology to an E. coli Fur-binding consensus sequence and is moderately controlled by iron (25) . However, E. coli Fur does not bind to the hemA   FIG. 7 . Kinetics of hemB mRNA induction (A) and turnover (B) as a function of iron levels. For induction, cells were grown to the mid-log phase in medium with no added iron, and then 6 M FeCl 3 or an equivalent volume of buffer was added at time zero. Cells were harvested at the time points shown, and the RNA was extracted and analyzed by an RNase protection assay. For turnover, cells were treated with rifampin as described in the text at time zero and mRNA was analyzed in cells harvested at the times shown. Two micrograms of total RNA was analyzed at each time point. promoter (25) ; therefore, the presence of Fur in rhizobia remains to be demonstrated. The ALAD level was not significantly different in heme-deficient cells grown in the presence of iron compared with the wild type, suggesting that the observed effects of iron are not an indirect consequence of the cellular heme status. This conclusion is consistent with the fact that the response of hemB to iron is rapid and is unlikely to rely on the de novo synthesis of a macromolecule. In addition, one would predict that regulation by heme, if any, would be negative towards a heme synthesis gene and that iron would correlate positively with heme. Thus, the activation of hemB in response to iron would be difficult to reconcile in terms of heme-mediated control.
